A bstract. We use a novel and more precise data set on greenhouse gas (GHG) concentrations in the Amazon region to estimate the nexus between local economic indicators and GHGs. We find that urbanization and waste generation emerge as new and important drivers of observed methane emissions. Local nitrous oxides emissions seem to result mainly from agricultural production, and carbon dioxide seems to be driven by deforestation. Given the importance of the Amazon region to global climate, these findings can offer insight into the development of scientific models for the natural environment and the design of effective environmental policies for the region.
Introduction
The Amazon forest is thought to play an important role in local and global climate systems (see for example Shukla et al., 1990 , Artaxo, 2001 , Marengo and Nobre, 2001 , Betts et al., 2003 , and Mahli et al., 2008 . Attention to the region is further motivated by concern over climate change and how it affects and is affected by the Amazon forest (Mahli et al., 2008 ). This paper is organized in three sections in addition to this introduction. Section II describes the data and methods used in our analysis, whereas section III presents our results and section IV concludes. et al., 2009, and Gatti et al. 2010) . Once measurements were taken, back trajectories for these gases as well as net contributions from the region were calculated. 3 Net fluxes can take either positive or negative values, indicating whether the region behaves as a source or sink of these 2 Air samples are also collected near the towns of Alta Floresta, Rio Branco and Tabatinga. However, these are much shorter time series and we focus on the longer series for Santarem.
Data and Methods

Primary
3
(2009), and Gatti et al. (2010) provide a detailed description of the method for calculation of net fluxes into the Santarem measurement site. The approach is cognizant of trade-wind easterlies coming from the tropical Atlantic Ocean depending on the seasonally varying latitude of the InterTropical Convergence Zone (ITCZ). The ITCZ brings extraneous gases to the region that need to be discounted. To do so, the authors use NOAA GHG measurements to the south (Ascension Island) and north (Barbados) of the ITCZ, measurements in the Brazilian city of Fortaleza and site measurements of sulfur hexafluoride (SF 6 ), a purely anthropogenic gas without regional sources or sinks in the Amazon Basin. greenhouse gases, respectively. Figure 1 
Socio-economic Determinants of G H G E missions in Santarem
To shed light into the local emissions patterns, it is instructive to examine some of the economic changes taking place in the municipalities upwind of Santarem. 
Methane (C H 4 )
Methane (CH 4 ) emissions come from a variety of natural and anthropogenic sources (Cicerone and Oremland, 1988) , and substantial natural emissions from the Amazonian 6 We do not find any evidence of cointegration among our time series. We therefore do not pursue any vector error correction model estimation here. 7 We use the freely available packages vars and urca written for the R language in our econometric estimation. Since important anthropogenic sources of N 2 O emissions are fossil fuel combustion and sewage disposal, both related to urbanization and economic activity, we use monthly data on the volume of sales from the trading sector as a proxy variable to investigate whether there is an important nexus between these activities and emissions in the region. However, our estimates do not offer any support for this hypothesis.
11 For completeness, we also estimate dynamic models linking N 2 O and industrial physical production for the state of Para, thus investigating another measure of local economic activity. As in the case of sales from the trading sector, we fail to find any significant linkages between this indicator and nitrous oxide emissions in Santarem.
Carbon Dioxide (C O 2 )
The Amazon region is an important carbon storage area with likely significant implications to global climate. However, we know relatively little about the carbon cycles in the region, how they affect global climate and how the rainforest could be affected by climate change.
Attempts to build couple carbon-climate models still struggle with how to treat the Amazon region and whether it is a source or sink of CO 2 (Botta et al., 2002 and Dufresene et al., 2002) . This is in part due to data constraints and in part to our limited understanding of natural and human processes that contribute to the carbon cycle in the region. Gatti et al.
(2010) document important efforts to address the data issue, whereas we use their information to advance our knowledge of how socio-economic variables might be influencing carbon fluxes in the region.
We start by plotting CO 2 fluxes measured by IPEN near Santarem against economic variables that are likely to be correlated with typical anthropogenic sources of this greenhouse gas. The main culprit for CO 2 emissions worldwide is the burning of fossil fuels. This in turn is likely to be correlated with industrial and services GDP mainly through transportation activities in the region. When we compare CO 2 emissions measured in Santarem and industrial and services GDP in its upwind region, the resulting plot suggests the opposite of the expected relationship (the estimated correlation coefficients are -0.55 for industrial GDP and -0.19 for services GDP). The fact that industry and services cannot provide a good explanation for CO 2 emissions is Santarem is, however, not surprising, since deforestation is the main reason why
Brazil is an important greenhouse gas polluter. Deforestation is typically the first step in the geographic expansion of the economic frontier in wooded areas. We first observe removal of timber species that are valuable enough to cover the high opportunity costs of penetrating a dense forest. This pioneer economic activity then leaves behind roads and basic infrastructure that lowers the penetration costs for other economic activities, such as small scale (slash and burn) agriculture, then cattle raising, and eventually large scale agriculture. This is a recurrent pattern in the Brazilian Amazon region and other tropical forests of the world. 12 Since we do not have reliable annual deforestation data to match our sample observations, we attempt to link CO 2 emissions in Santarem to contemporaneous deforestation by plotting emissions of the greenhouse gas in a given year against the growth rate of cattle herds three years in the future as in figure 4(d) . The main idea is that current deforestation determines current CO 2 emissions and future growth of the local livestock economy. The resulting correlation is positive deforestation is likely the main culprit for CO 2 emissions in the region.
We further investigate the determinants of carbon dioxide emissions in Santarem, by estimating dynamic econometric models involving the greenhouse gas measurements in the 12 See for example, Barbier et al (1995) , Stone (1998) , Verissimo et al (1995) and Uhl et al (1991) .
region and both industrial production and the volume of sales of the trading sector. This analysis uses a larger monthly time series than the annual data described in the previous paragraph, but once again we find no evidence that the local industry or services sectors are important drivers of CO 2 emissions in the region. As noted before, monthly data are for the entire state of Para, but over 80% of the economic activity in the state comes from the municipalities that are upwind of Santarem.
The standard statistical tests we conducted to investigate whether the natural and economic series are integrated (augmented Dikey-Fuller and Johansen tests) offer support to the hypotheses that physical industrial production is integrated of order one, but not the other series. We therefore estimated VAR models both in levels and differences in the case of physical industrial production and involving 1 to 12 lags. In neither of the estimated models, 13 we found support for the hypothesis that economic activity measured by industrial or services production caused CO 2 emissions. These findings reinforce our simple correlation results and the relative importance of deforestation in the local emissions of CO 2 .
Conclusion
The Amazon region is thought to play an important role in the determination of global climate and is expected to influence and be influenced by climate change. Nevertheless, Finally, our analysis for carbon dioxide concentrations suggests the expected result that deforestation plays a leading role in local emissions. This corroborates the view that Brazil is an important carbon emitter not so much because of its energy consumption (given the relative importance of renewable energy in the country), but because of deforestation in its territory, especially in the Amazon region. Perhaps more surprising is the finding that, despite vigorous economic growth in Brazil in recent years, the local industrial and services sectors do not seem to have significantly contributed to carbon emissions in the region.
A ppendix I. M unicipalities upwind of Santarem, Para 
A ppendix I I. V A R Estimation Procedure
To select the VAR model for CH 4 we first tested for unit roots in the series for CH 4 and volume of sales for the trade sector. Augmented Dikey-Fuller tests based on a drift process or drift and trend process suggest that both series are stationary. We then estimated a VAR model in levels of the variables with a lag order p = 1. The choice of p = 1 for the lag order is due to the fact that surface CH 4 emissions are expected to quickly affect measurements.
Furthermore, inclusion of additional lags restricts our already relatively small time series.
Nevertheless, we also estimated VAR models with higher lag orders. For p = 1 through 4, the models exhibit characteristic roots that are less than one and residuals that are not autocorrelated, and we fail to reject normality of the residuals. These models produced qualitatively similar impulse-response functions. For p = 5 through 12, the corresponding models produced autocorrelated residuals, and for p = 7 through 12 some of the estimated characteristic roots are greater than 1, thus violating the stability assumption of the estimated models. A similar procedure was adopted for the analysis of the N 2 O and CO 2 series. 
